Abstract. This work deals with the large-scale mathematical modelling of flow of gas at low pressure in porous media. At the pore scale, this type of flow is characterised by a wall-slip effect, which at the sample scale entails a dependence of permeability upon gas pressure. This latter property is described by Klinkenberg's law. The goal of the present work is to examine the robustness of this law, by determining whether it is still verified on a large-scale: upscaling is thus applied, starting with Klinkenberg's law at the local scale. A Klinkenberg's flow of gas in a two-constituent composite porous medium is considered, and the constituents are firstly assumed to be homogeneous. The cases of low and of high permeability contrast are successively examined. Upscaling is performed using the homogenisation method of multiple scale expansions. In both cases, the large-scale permeability tensor differs from its liquid counterpart. Except in the particular case of equal Klinkenberg factors, Klinkenberg's law is not verified at low permeability contrast. At high permeability contrast, the large-scale gas permeability verifies Klinkenberg's law. The case of heterogeneous constituents is then examined. It is shown that the large-scale permeability differs from its liquid counterpart, but it does not verify Klinkenberg's law.
Introduction
Darcy's law may break down for flow of gases at low pressures through porous media: Klinkenberg's effect may occur which can have significant impact on gas flow behaviours, especially in low permeable media. Klinkenberg (1941) observed that at low or near atmospheric pressure, the gas permeability k g of a porous sample is greater than its liquid permeability k l . This phenomenon is called Klinkenberg's effect and is described by the so-called Klinkenberg's equation
where b is the Klinkenberg factor, which depends on the rock properties, as well as, to a lesser degree, on the nature of the gas used, andp is the arithmetic mean of the inlet and outlet pressures of the sample. Therefore, Klinkenberg's equation (1.1) describes a non-local flow behaviour. This law characterises the fact that Klinkenberg's effect becomes less significant at higher pressures, and it follows that
Physically, Klinkenberg's effect is significant in any situation where the mean free path of a gas molecule λ, that is, the mean distance that it travels before it collides with another molecule (Cercignani, 1988 (Cercignani, , 1990 )
is comparable with the pore dimension l p . This leads to a non-negligible Knudsen number, the ratio of molecular mean free path to pore size
Klinkenberg's effect is thus expected to occur at low pressure, as λ is inversely proportional to p, and in very fine-grained porous media. In Darcy's flow regime and at high pressure (λ l p ), the boundary condition at the fluid/solid interface at the pore scale is that the fluid molecules are static and therefore that the fluid adheres to the pore wall. At low pressure and if the mean free path λ approaches the pore size, then significant molecular collisions are with the pore wall rather than with other gas molecules. Thus, the fluid/solid boundary molecules are no longer static and a wall-slip flow occurs: the local flow velocity is a non-vanishing velocity on the pore walls. Gas molecules move on the pore surface and contribute to their overall flux. This slippage increases the flow rate over that predicted by Darcy's law. Since the vast majority of permeability measurements are done with near atmospheric gas flow, the deviations from Darcy's law may thus be important and, consequently, the permeability may be overestimated.
Modelling and predicting the occurrence of Klinkenberg's effect is crucial to any area which involves gas flow through porous media: petroleum engineering (Jones, 1972; Sampath and Keighin, 1982) , geothermal reservoir engineering (Wu et al., 1998; Persoff and Hulen, 2001 ) contaminant transport and remediation (Reda, 1987), civil engineering (McVay and Rish, 1995) , and material engineering for the forming of fibrous materials (Starr, 1995; Marschall and Milos, 1998) , or for testing analysis of ceramics (Glass and Green, 1999), or pneumatics (Baehr and Hult, 1991) . In Reda (1897), Baehr and Hult (1991) and Persoff and Hulen (2001) , experimental evidence is given Klinkenberg's effect could not be neglected in low permeability media. In comparison with the considerable amount of studies on theory and applications of isothermal flow of gases through porous media, very few studies are explicitly concerned with Klinkenberg's effect. In Wu et al. (1998) , a set of analytical solutions for steady-state and transient gas flows in porous media with Klinkenberg's effect is developed. The coupling between wall-slip and inertial
